Introduction 66
Tau was initially discovered as a microtubule-associated protein enriched in axons (Binder et al., 67
1986; Weingarten et al., 1975) . Interest in tau dramatically increased after hyperphosphorylated tau was 68 found in neurofibrillary tangles (NFT), a major hallmark of Alzheimer's disease (AD) The lack of more pronounced behavioral and morphological phenotypes has largely been attributed to 86 functional compensation by other microtubule-binding proteins such as microtubule associated protein 87 1A/1B (MAP1A/1B) and MAP2 (Harada et al., 1994; Ma et al., 2014) . While it is thought that 88 compensating for a loss of microtubule stabilizing activity is important, given the additional functions for 89 tau, other compensatory mechanisms may be needed if these functions are critical for mouse viability and 90 depend on tau. 91
Following our finding that tau could associate with the cytoplasmic face of the plasma 92 membrane(Brandt et al., 1995), we found that the proline-rich domain of tau interacts with the SH3 domain 93 of Src family non-receptor tyrosine kinases (SFK) such as Fyn and Src (Lee et al., 1998) and that Fyn 94 phosphorylated tau on Tyr18 (Lee et al., 2004) . In addition, we showed that tau increased the auto-95 phosphorylation of Fyn as well as the enzymatic activity of Fyn (Sharma et al., 2007) . Also, tau was critical 96 for nerve growth factor (NGF)-induced mitogen activated protein kinase (MAPK) activation, suggesting a 97 classify mice as being normal or having moderate or severe hydrocephalus (Fig. 1C) . Behavioral tests 131
showed that both Fyn KO and DKO mice with mild and severe hydrocephalus had increased total 132
movements in the open field test (Fig. 1D ) and decreased total freezing in contextual fear conditioning (Fig.  133   1E ) when compared to normal mice of the same genotype. This suggested that hydrocephalus caused the 134 animal to be hyperactive. Thus, subsequent behavioral and biochemical tests were performed using only 135 non-hydrocephalic mice with normal brain structure that had been screened by MRI. Beginning at eight 136 weeks of age, the mice underwent a series of motor and behavioral tests. 137
138

DKO mice recapitulate specific behaviors of Fyn KO and tau KO mice 139
Using the open field apparatus, mice of the four genotypes had similar total movements and percent 140 movement in the center (Fig. S2A, B) . This indicated an absence of motor deficits or anxiety phenotype at 141 young age. However, when mice were aged to 12 months and underwent the pole test, tau KO and DKO 142 mice required more time to descend the pole relative to WT and Fyn KO mice (Fig. S2C) . 143
In novel object recognition, mice from the four genotypes displayed equal preferences for two 144 identical objects on training day ( Fig. 2A, left) . However, on testing day, both Fyn KO and DKO mice 145 performed significantly worse than WT and tau KO mice in interacting with the new object ( Fig. 2A, right) . 146
There were no differences between WT and tau KO mice (p=0.9012), and between Fyn KO and DKO mice 147 In contextual fear conditioning, Fyn KO and DKO mice spent significantly less time freezing as 150 compared to WT and tau KO mice on training day (Fig. 2B, left) . On testing day, Fyn KO and DKO mice 151 also spent less time freezing than WT and tau KO mice as measured using either minute by minute 152 measurements ( Fig. 2B right panel) or total time freezing (Fig. 2C ). There was no statistically significant 153 difference between Fyn KO and DKO mice (p=0.8442) and between WT and tau KO mice (p=0.7076) (Fig.  154   2C ). To assess learning versus memory, the amount of freezing during the first minute of the testing day 155 was divided by the amount of freezing during the last minute of the training day. There was no significant 156 difference between the ratios of the four genotypes (Fig. 2D) , indicating that the mice did not differ with 157 respect to memory and that the deficits exhibited by Fyn KO and DKO mice on day 2 were due to a 158 learning deficit. 159
Previous reports have also shown that tau ablation protected against pentylenetetrazole (PTZ) 160 induced seizures (Roberson et al., 2007) . This property has been attributed to tau depletion reducing levels 161 of Fyn at the post-synaptic region leading to disrupted NR stability within the post-synaptic density(Ittner et 162 al., 2010). In terms of both latency to develop seizures and maximum seizure stages reached, DKO and tau 163 KO mice were equally and dramatically protected against PTZ whereas Fyn KO mice were only moderately 164 protected relative to WT mice (Fig. 2E, F) . There was no significant difference between tau KO and DKO 165 mice (p=0.9752; Fig. 2F ). To summarize, in motor tasks and PTZ induced seizures, DKO mice resembled 166 tau KO mice while in cognitive and memory tasks, DKO mice resembled Fyn KO mice. 167
168
Localization of Tau-SFK complexes in WT primary hippocampal culture 169
To further investigate the functions of the tau/Fyn complex, proximity ligation assays (PLA) were 170 used to localize tau-Fyn complexes in WT primary hippocampal cultures (Fig. 3A) . PLAs are able to detect 171 endogenous protein-protein interactions in situ; signals are recovered when the two PLA probes lie within 172 40 nm of each other, using rolling circle amplification to yield a marker for the interaction (Gullberg et al., 173
2004) (Soderberg et al., 2006) . As a control, tau KO cultures were similarly probed (Fig. S3B) . Tau-Fyn 174 complexes were found in all cellular compartments of WT hippocampal neurons (axons (Fig. 3B ), dendrites 175 (Fig. 3C) , and cell bodies (Fig. 3D) ). For quantitation, PLA dots were counted in both dendrites and axons. 176 Dot intensity was not used because the intensity of a PLA signal reflected the rolling circle step, making the 177 intensity level an artifical characteristic. Upon quantitation, the density of tau-Fyn complexes in dendrites 178 (number of PLA puncta/process length) was 2.54 fold higher than that in axons (Fig. 3E ). As expected, 179 there were no tau-Fyn complexes in tau KO neurons (Fig. S3A ). Since we have previously shown that tau 180 increased Fyn auto-phosphorylation (Sharma et al., 2007) , complexes between tau and activated SFK 181 (pSFK) were also examined ( Fig. 3F-J) . Similar to the tau-Fyn complexes, the density of tau-pSFK 182 complexes in dendrites was 2.04 fold higher than that in axons (Fig. 3J) . However, since the pSFK antibody 183 cannot distinguish between activated Fyn and activated Src, tau-Src complexes were also examined as a 184 control. The density of tau-Src complexes in dendrites was increased by 2.78 fold relative to that in the 185 axon (Fig. 3O) . 186
Since tau is known to be enriched in axons, we found it surprising that the density of tau-SFK 187 complexes was higher in the dendrites relative to axons. However, we noted that axons were significantly 188 longer and more numerous than dendrites and that the density of PLA puncta was relatively high in the 189 proximal axon but dramatically decreased in the distal axon whereas the density of PLA puncta in the 190 shorter dendrites was uniformly high. In fact, if only the proximal axon was used to calculate density, the 191 density of tau-Fyn complexes in axons would match that of the dendrites (Fig. S3) . Therefore, when the 192 total axon length was used, the calculated density in axons was lower than that in dendrites. 
phospho-SFK levels 196
Because the density of tau-Fyn complexes in dendrites exceeded that in axons and because tau has 197 been shown to target Fyn to the post-synaptic density to affect NR2B phosphorylation (Ittner et al., 2010), 198 we wanted to determine if NR2B phosphorylation was altered in the DKO mice. Crude hippocampal 199 synaptosomes were fractionated into "soluble non-PSD" and "insoluble PSD" fractions using Triton X-100 200 ( were present in both fractions (Fig. 4B) . In examining the "insoluble PSD" fraction from 9-12 month old 204 hippocampus, PSD-95 and total NR2B levels were not significantly different between the four genotypes 205 (One-way ANOVA p=0.6462, p=0.3439, respectively; Fig. 4C, D) . However, relative to WT, pY1472-206 NR2B levels were decreased by 54.6 % in Fyn KO and 64.0 % in DKO insoluble PSD fractions, with Fyn 207 KO and DKO not being significantly different from each other (p=0.8871; Fig. 4C, D) . WT and tau KO 208 were also not significantly different from each other (p=0.8284; Fig. 4C, D) . We then examined whether 209
Src might be compensating for Fyn. In the PSD fraction, although the Src level was unchanged in the four 210 genotypes (p=0.7699; Fig. 4C, D another microtubule-associated protein, MAP2, has been found to be upregulated in tau KO mice (Ma et al., 241 2014) and in agreement with the previous data, we also found MAP2 to be increased by 48.9% in the tau 242 KO mice (p=0.021, Fig. 6A ). However, while it has been shown that MAP2 compensated for the loss of tau 243 by maintaining microtubule stability, as measured by tubulin acetylation (Ma et al., 2014) , the possibility of 244 other compensating mechanisms remained unexplored. with Fyn alone (p=0.049; Fig. 6D ). Our data provide evidence that similar to tau, MAP2 can increase Fyn 263 activity. As an additional indication that MAP2 resembled tau with regards to potentiating SFK activity, we 264 examined the ability of MAP2c to sustain SFK activation in stimulated 3T3 cells. In this system, SFK 265 activation was indirectly assessed and we had previously shown that tau was able to prolong SFK activation 266 following stimulation. When MAP2 was compared to tau in this assay, we found that MAP2 resembled tau, 267 prolonging SFK activation in cells (Fig. S5) . 268
Interestingly, when MAP2 levels were assessed in Fyn KO and DKO mice, MAP2 was decreased 269 by 23.6% and 33.2 %, respectively, relative to WT mice (p=0.044 and p=0.0045; Fig. 6A ), with was no 270 significant difference between the two (p=0.438; Fig. 6A ). The labeling of MAP2 in 12-month-old 271 hippocampal sections from the four genotypes confirmed the biochemical result (Fig. S4 ). Compared to 272
WT, hippocampal sections of Fyn KO and DKO mice appeared to display shorter MAP2 fibers and weaker 273 MAP2 intensity while tau KO mice appeared to show stronger MAP2 intensity (Fig. S4) . Therefore, in 274 regulating MAP2 expression levels, Fyn appeared to act downstream of tau, since the DKO resembled the 275 Fyn KO. In the DKO, the decrease in MAP2 most likely eliminated the ability of MAP2 to compensate for 276 the loss of tau. Thus, when DKO neurons experienced a further decrease in calcium influx, relative to the 277 Fyn KO, we were able to identify a Fyn-independent effect that tau had on glutamate-induced calcium 278 influx. In the tau KO, it was likely that this effect was not detected because of the increased MAP2 level. 279 280
Tau KO neurons had more dendritic MAP2-Fyn complexes than WT neurons 281
To determine whether MAP2-Fyn complexes might compensate for the loss of tau-Fyn complexes 282 in the tau KO, MAP2-Fyn and MAP2-pSFK complexes were visualized in WT and tau KO primary 283 hippocampal cultures using PLA (Fig. 7) . Relative to WT dendrites, tau KO dendrites had a 32.5% increase 284 in MAP2-Fyn density (Fig. 7A , B, G) and a 39.9% increase in MAP2-pSFK density ( In the present study, we generated tau -/-/Fyn -/-DKO mice to investigate the combined effect of tau 292 and Fyn and found that they resembled tau KO mice in motor tasks and protection from PTZ while 293 resembling Fyn KO mice in cognitive tasks. DKO and Fyn KO mice also had decreased Y1472-NR2B 294 phosphorylation levels in hippocampal insoluble PSD fractions. These changes were accompanied by a 295 reduction in glutamate-induced Ca 2+ response in Fyn KO and DKO primary hippocampal neurons, with 296 DKO neurons having a more severe reduction than Fyn KO neurons, indicating that tau may have a Fyn-297 independent effect on regulating Ca 2+ influx. Together with our findings that MAP2 potentiated Fyn activity 298 and that dendritic MAP2-Fyn complexes were increased in tau KO neurons relative to WT neurons, our 299 data suggest that MAP2 may compensate for the loss of tau by increasing the levels of MAP2-Fyn and 300
MAP2-pSFK complexes in dendrites. 301
In motor tasks, our aged tau KO and DKO mice had deficits in the pole test, which was consistent . These data indicate that tau is involved in other mechanisms that modulate seizure 319 susceptibility and excitotoxicity in dendrites. We speculate that one or both of these mechanisms will be 320
Fyn-independent. 321
Our data also provide evidence that Fyn plays a role in regulating PTZ seizure severity, as our non-322 hydrocephalic Fyn KO mice had decreased PTZ-induced seizure susceptibility. Our results disagreed with 323 previous reports that Fyn KO mice had either increased seizure susceptibility (Miyakawa et al., 1996) or 324 similar susceptibility(Kojima et al., 1998) relative to WT mice. However, these previous studies likely 325 included mice with undetected mild/moderate hydrocephalus. By using MRI to identify Fyn KO mice with 326 mild/moderate hydrocephalus, we had found that mice with hydrocephalus had increased seizure 327 susceptibility compared to WT (Fig. S6) . In addition, when a cohort of superficially normal Fyn KO mice, 328 with and without hydrocephalus, was analyzed as a group, the seizure threshold resembled that of WT (Fig.  329   S6 (Fig. 2B ). Thus, it is possible that Fyn depletion could have changed the way animals perceived 339 pain, leading to a decrease in the saliency of the shock and weakening the association between shock and 340 the chamber, with learning and memory being normal. Another possibility is that the expression of freezing 341 behavior itself was impaired. Future studies using cue induced freezing or predator odor induced freezing 342 would determine whether Fyn and/or tau depletion affected freezing behavior. In Fyn KO and DKO mice, 343 the cognitive deficits were accompanied by decreases in Y1472-NR2B phosphorylation levels in the 344 hippocampal insoluble PSD fractions while WT and tau KO mice had no memory deficits and no decreases 345 in pY1472-NR2B. The similarity in the levels of pY1472-NR2B in our WT and tau KO mice agree with 346 other findings using the same tau KO line used here (Lopes et al., 2016b) . However, another report using a 347 expected. Successful creation of a KO animal may be required to select genetic alterations that allow pups 374 to be born and animals to be bred. Moreover, the extent of compensation in the tau KO mouse has been 375 analyzed by microarray analysis and it was found that in the brain, several signal transduction genes such as 376 fosB and c-fos were up-regulated 5-24 fold (Oyama et al., 2004) . Based on these findings, we demonstrated 377 that tau was required for NGF-induced AP-1 activation (Leugers and Lee, 2010) . The fact that the loss of 378 tau required up-regulation of both fosB and c-fos for compensation suggested that AP-1 activation was a 379 critical tau function required by a mouse to survive. 380
Our finding that tau KO had no memory deficits, no changes in pY1472-NR2B, and no changes in 381 glutamate induced Ca 2+ response suggested that either Fyn did not require tau to mediate these functions or 382 the Fyn KO, we were able to uncover a role for tau in the Ca 2+ response that was independent of Fyn ( Fig.  397 
5C). 398
In the tau KO mice, if the tau-Fyn interaction was of critical importance, one would predict that 399 compensation for the loss of the tau-Fyn interaction would occur. Our finding that tau KO neurons had a 400 significantly higher density of MAP2-Fyn complexes in the dendrites relative to WT neurons suggested that 401 MAP2 would have an increased role in interacting with Fyn in the absence of dendritic tau. We also showed 402 that similar to tau, MAP2 also potentiated Fyn activity (Fig. 6B, C 
Pole test 442
The pole test was done at 12 months of age as described (Lei et al., 2014) . Trials were excluded if 443 the mouse jumped or slid down the pole. Between tests, the pole was cleaned using 70% ethanol. 9 WT, 13 444 tau KO, 11 Fyn KO, 18 DKO male mice were tested. 445
446
Novel object recognition 447
The novel object recognition test was done at 10 weeks as described (Tang et al., 2001 ). The time 448 each animal spent exploring objects (defined as nose within an inch of the object) was manually 449 Since there were no statistically significant differences between males and females, their results were 452
combined. 453 454
Contextual fear conditioning 455
Contextual fear conditioning was done at 11 weeks as described (Sowers et Triton X-100 containing buffer and after centrifugation, the supernatant containing non-PSD membranes 473 was retained as the "soluble non-PSD" fraction. The pellet was resuspended in 1% Triton X-100, 1% 474 deoxycholic acid, 1% SDS containing buffer and after centrifugation, the supernatant was retained as the 475 triton "insoluble PSD" fraction. 476
477
Primary hippocampal neuron culture 478
Primary hippocampal neuronal culture was performed as described (Beaudoin et al., 2012) . 479
Hippocampi from P0 pups were isolated and digested in 1 mg/ml trypsin (Sigma-T7409) and sequentially 480 triturated with Pasteur pipettes. Cells were plated with MEM media (Gibco) containing 10% horse serum 481 and 1µM insulin (Sigma-I5500) and maintained with Neurobasal-A Plus and 2% B27 Plus (Gibco) at 37 o C 482 and 5% CO 2 until harvest. 50% of media was changed every 3 days. (1:1000, Thermo Fisher), and anti-rat Alexa 647 (1:250 Jackson Immunoresearch). 494
To quantify the density of PLA puncta, ten random areas on each coverslip were photographed. 495
Axons were identified by either tau or tubulin positive staining and MAP2 negative staining; dendrites were 496 identified by MAP2 positive staining. The lengths of all visible processes were measured using ImageJ and 497 all visible PLA puncta were manually counted. For each of the 10 areas, the densities of dendritic or axonal 498 PLA puncta were calculated by dividing the number of PLA puncta located on dendrites or axons by the 499 total dendrite or axon length, respectively. The experiment was performed 3 times. In Fig. 3 , the density of 500 PLA in dendrites was expressed relative to the density in axons, where the average value was set as "1". In 501 Fig. 7 , the density of PLA in tau KO mice was expressed relative to the density in WT mice, where the 502 average value was set as "1". In Fig. S3 , for each neuron, the proximal axon length was defined as the 503 average length of the dendrites from that neuron. 
In vitro phosphorylation of tubulin 535
In vitro phosphorylation of tubulin was performed as described (Sharma et al., 2007) . Fyn or 536 truncated MAP2c (human N-MAP2c residue 1-319) were expressed in 3T3 cells and IPed using 1µg anti-537
Fyn (mAb, sc-434, SantaCruz) or 4 µg anti-MAP2 (HM-2, mAb, Sigma, Cat # M4403) and Protein G beads 538 (CalBiochem). The beads containing Fyn were resuspended in 100 µL buffer (0.1% Triton, 50mM Tris 539 pH7.5, 150 mM NaCl, 1 mM EDTA, 1mM AEBSF) and equally divided into two tubes. N-MAP2c beads 540
were added to one of these tubes and nutated at 4 o C for 1 hour, centrifuged, and supernatant discarded. 541
Control tube was similarly treated, where Protein G beads were added to beads containing Fyn. 10 µg taxol-542 stabilized tubulin and kinase reaction buffer was added to both tubes and incubated for 5 min at 37 o C. A 543 third tube containing only tubulin, kinase reaction buffer, and 1µg mouse non-specific IgG was used as 544 control. Samples were subjected to western blot analysis. 545
546
Western blot analysis 547
Western blotting was performed as described (Lee et al., 1998) . Primary antibodies used were: PhosphoSolutions, Cat # p1516-1472); Src (GD-11, 1:1000, mAb, Milipore, Cat # 05-184); phospho-SFK 553
(1:1000, phospho-Src Tyr 418, rabbit polyclonal, Cell Signaling, Cat # 2101); MAP2 (HM-2, mAb, 1:1000, 554
Sigma, Cat # M4403); generic phospho-tyrosine (4G10, 1:1000, mAb, Millipore, Cat # 05-321); and tubulin 555
(1:1000, YL1/2; Accu-Spec). Quantification was done by densitometry using ImageJ. Protein levels from 556 the PSD fraction were normalized to β-actin (Fig. 4) and protein levels from crude lysates were normalized 557 to GAPDH (Fig. 6A) , with values subsequently normalized to WT levels, which were represented as "1". In 558 
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A)
In novel object recognition, there was no difference in object preference on training day (One-way 842 ANOVA p= 0.3221; left panel) while on testing day, Fyn KO and DKO mice had significantly reduced 843 interaction with the novel object (right panel; One-way ANOVA: p<0.0001; ***p=0.0004, ****p≤ 844 0.0001). n= 17 WT, 17 tau KO, 28 Fyn KO, 18 DKO. 845
B)
In contextual fear conditioning, using minute by minute measurements, WT and tau KO mice spent 846 more time freezing compared to Fyn KO and DKO mice on both training day (left) and testing day (right). 847 n= 32 WT, 29 tau KO, 21 Fyn KO, 20 DKO. 848
C)
Fyn KO and DKO mice spent less time freezing than WT (p=0.0002, p<0.0001, respectively) and 849 tau KO mice (p=0.0075, p=0.0004, respectively). One-way ANOVA: p<0.0001; **p= 0.0075, ***p= 850 0.0002 or 0.0004, ****p≤ 0.0001. 851
D)
Ratio of time freezing in first minute of day 2 to time freezing in last minute of day 1 show an 852 average of 1 for all genotypes, indicating a learning rather than memory deficit for Fyn KO and DKO mice. 853
One-way ANOVA: p=0.0509 854
E)
In 
phospho-SFK levels 875
A)
Schematic for separating insoluble PSD and soluble non-PSD fractions from crude synaptosomes. 876
B)
Soluble non-PSD fraction isolated from crude hippocampal synaptosomes of WT mice showed 877 synaptophysin, a pre-synaptic marker, while insoluble PSD fraction showed PSD95, a post-synaptic marker. 878
Fyn and tau were found in both fractions. 879
C)
Western blotting of hippocampal insoluble PSD fractions prepared from WT, tau KO, Fyn KO, and 880
DKO. 881
D)
Blots were quantitated by densitometry and normalized. n=9 animals for each genotype. For 882 pY1472-NR2B, relative to WT, levels were decreased in Fyn KO and in DKO (***p=0.0008, 883 ****p<0.0001, respectively); relative to tau KO, levels were also significantly decreased in Fyn KO and in 884 DKO (****p0.0001, ****p<0.0001, respectively). For pSFK, relative to WT, levels were decreased in Fyn 885 KO and in DKO (****p<0.0001, ****p<0.0001, respectively); relative to tau KO, levels were also 886 decreased in Fyn KO and in DKO (****p<0.0004, ****p<0.0004, respectively). 887 
